separated, there are positive and negative charges generated on coated electrodes depending on the triboelectric polarity of those dielectric materials. Therefore, a perfect design for a triboelectric nanogenerator (TENG) can be achieved by choosing the most distinct materials in terms of triboelectric polarity as well as diminishing of the feature sizes of those materials down to nanometer scale for obtaining maximum contact area. [ 20 ] A list of the triboelectric materials in accordance with their polarity is presented in Table S1 , Supporting Information. Working mechanisms of TENG devices are based on two mechanical motion modes, contact and sliding mode. [ 20 ] Recent studies reveal that the sliding mode has a better voltage output. [ 13 ] However, it requires a more complicated device design. The output voltage of TENGs is enhanced above 1 kV by using different material combinations and device geometries. [ 12 ] In this study, we constructed core-shell nanostructures (polyethersulfone (PES) is in the core and As 2 Se 3 is in the shell) for building a 3D TENG device ( Figure 1 a-6 ,a-7). Aluminum tape was used as a substrate and contact electrode for both polyetherimide (PEI) nanopillars and As 2 Se 3 core-shell nanostructures (Figure 1 a-1,a-5). Detailed information about the fabrication of the As 2 Se 3 core-shell nanostructures and the PEI nanopillars is given in the Supporting Information (see Figure S1 ). The fl uorination process used in the fabrication of the PEI nanopillars and surface modifi cation of the As 2 Se 3 nanostructures is given in Figure S2 in the Supporting Information. Figure S3 in the Supporting Information illustrates the fabrication process of the nanopillars.
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Our device can be stimulated by both motion and acoustic waves at different frequencies. We combined fl uorinated As 2 Se 3 kilometer-long core-shell nanostructures, which are produced using an iterative fi ber-drawing technique, with PEI nanopillars, which are produced by a template-based method for the construction of the contact mode TENG in a multilayer fashion. Our device has an output of maximum 1.23 mW direct current (DC) and 0.51 W peak power and can power parallel connected 38 LEDs simultaneously. Our chalcogenide-based TENG has maximum 396 V and 1.6 mA peak-to-peak output voltage and current, respectively. In addition, a fi nite element model is developed to explain contact electrifi cation between core-shell nanostructures and nanopillars using COMSOL Multiphysics. A perfect match between analytically calculated open-circuit voltage (OCV) and OCV measurement for a single layer generator was presented.
To enhance the performance of triboelectric devices, there are two important parameters that play a major role in the selection of material combinations: the surface properties and triboelectric polarity. [ 20 ] Since the surface properties can be modifi ed using various techniques, the triboelectric polarity is Scavenging waste energy is an alternative prominent solution, which may play an important role regarding the world energy problems. Nowadays, many portable electronic devices are produced and they require very low power for functioning. [ 1, 2 ] A compact mobile device design is assumed to be light weight with a long-lasting battery. [ 3, 4 ] However, the end of the battery life is inevitable. Besides, a mobile device should be plugged into an energy-distribution source in order to charge its battery, which limits the mobility of the user. A portable energyharvesting system is a considerable energy source that never depletes. There are many piezoelectric nanogenerators proposed for this purpose. [5] [6] [7] [8] [9] Drawbacks of piezoelectric materials are the requirements of complex and high-cost manufacturing processes such as electric polarization using high electric fi eld strengths to obtain high-effi ciency piezoelectric materials, high brittleness, and toxic elemental composition. [ 10 ] In order to overcome these drawbacks, very sophisticated processing conditions and techniques are required. [ 5, 11 ] In the last few years, many researchers have reported that nanogenerators based on the triboelectric effect are promising energy sources; they can harvest mechanical energy from human motions, sound, hydraulic pressure, and wind using the nanostructured surfaces of the dielectric materials. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The triboelectric effect has been known for a couple of centuries, but it has not been clearly understood yet. However, there are a few signifi cant attempts based on charged atom transfer, [ 22, 23 ] ion transfer, [ 24 ] and the bonding of radicals [ 25, 26 ] to explain the mystery behind the triboelectric effect. When micro-and nanostructured dielectric surfaces are in contact with each other or Figure 1 . Detailed images of chalcogenide-based 3D-printed MULTENG energy harvesting device and its layers. a) An illustration of a 3D-printed MULTENG energy harvesting device which consists of six alternating polymer and chalcogenide layers. a-1) Representation of layers which consist of PEI nanopillars. a-2) SEM image of PEI nanopillars. Scale bar is 1 µm. a-3) Higher magnifi cation SEM image of PES nanopillars. Scale bar is 250 nm. a-4) Photograph of the MULTENG device fabricated with the 3D-printing method. a-5) Representation of layers, which consist of F-As 2 Se 3 core-shell nanostructure. a-6) SEM image of F-As 2 Se 3 core-shell nanostructures. Scale bar is 25 µm. a-7) Higher magnifi cation SEM image of F-As 2 Se 3 core-shell nanostructures. Scale bar is 500 nm. b) Working mechanism of the MULTENG that utilizes the contact mode triboelectrifi cation with external electronic fl ow in short circuit condition. 1. Motion of the MULTENG from original state to charge generation state. Sharing charges and positive peak current generation (current fl ow) in unit 1 of the MULTENG. 2. Sharing charges and positive peak current generation (current fl ow) in unit 3 of the MULTENG. 3. Sharing charges and positive peak current generation (current fl ow) in unit 2 of the MULTENG. 4. Full contact position. 5. Separation of layers and sharing charges and positive peak current generation (current fl ow) in unit 2 of the MULTENG. 6. Separation of layers and sharing charges and positive peak current generation (current fl ow) in unit 3 of the MULTENG. 7. Separation of layers and sharing charges and positive peak current generation (current fl ow) in unit 1 of the MULTENG. 8. Full separation position.
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Unfortunately, it is not compatible with the iterative fi berdrawing process, which is an exciting fabrication technique [ 11 ] that enables kilometer-long, parallel oriented, and polymer encapsulated nanostructures to be produced from a variety of materials, including As 2 Se 3 [ 27 ] and some fl uorine-rich polymers such as PVDF. [ 5 ] In the fabrication, there are at least two materials with compatible properties, a guard polymer jacket and a core material. Materials used in the iterative fi ber-drawing process represent unique properties, e.g., low thermal expansion, low melting point (for core material), low glass-transition temperature, and no crystallinity. In this case, the core material is crystalline and the glass-transition temperature of the covering polymer preform should be higher than the melting point of the core material so that the core material can melt in the preform and the liquefi ed material takes the shape of the fi ber (nanowire) during the process. [ 5, 11 ] Unfortunately, Tefl on is a highly crystalline polymer with a high melting temperature, which makes it incompatible with the iterative fi ber-drawing process. Unlike Tefl on, As 2 Se 3 is perfectly compatible with the iterative fi ber-drawing process because of its low glasstransition temperature, easy processibility, and amorphous structure. [ 27 ] In addition, although arsenic is a toxic element, As 2 Se 3 is an inert intermetallic material with no toxicity, that does not refl ect any of the hazardous characteristics of arsenic and has been used in open cancer surgeries in fi ber shape. [ 28, 29 ] Although, the voltage peaks obtained from bare As 2 Se 3 coreshell nanostructures were insignifi cant, the performance of the core-shell nanostructures was enhanced close to that of Tefl on's after core-shell nanostructures were coated with fl uorine monolayer. As a result of our experiments, we concluded that the materials with higher fl uorine content tend to generate more triboelectric charges.
The triboelectric effect is a surface contact and separation phenomenon, and increasing the surface area also increases the device performance. In addition to an increase in the total surface area by using nanoscale materials, using multilayers is also important to multiply the total converted energy. The working principle of a MULTENG device which consists of six alternating layers is illustrated in Figure 1 b. We investigated the synchronism of the three units of MULTENG and voltage response at different frequencies ( Figure S5 , Supporting Information). To explain the working mechanism, we recorded video of a spare MULTENG during operation (tapping) using a high frame rate (HFR) camera (Video 1, Supporting Information). In addition, we designed a fi nite element simulation to confi rm the HFR video results (Video 2, Supporting Information). Before examination of the working mechanism of the MULTENG, we should recall that the MULTENG has three units which consist of six layers making contact and separation in pairs (unit 1 consists of layer 1 and 2, unit 2 consists of layer 3 and 4, unit 3 consists of layer 5 and 6). The force for making contact between the layers of the MULTENG was applied through the top and the MULTENG was fi xed from the bottom. The MULTENG started to squeeze when a triggering force was applied. In the early stage of its motion, the distances between the layers started to decrease in units 1 and 3 and slightly increase in unit 2. This is because the shape of the side connections of the three units was designed differently. The curvatures in convex connections of units 1 and 3 contracted and the curvature in concave connection of unit 2 expanded by applied force. Therefore, layers of units 1 and 3 approach each other whereas layers of unit 2 move apart from each other. According to simulation and HFR video recordings, the motions of the three units were at different speeds and this was observed as unit 1 to make contact fi rst while unit 3 was slightly apart and unit 2 was completely separated. Following unit 1, layers of unit 3 were brought in contact position by further pressing on top of the MULTENG. In the last stage, after layers of units 1 and 3 made contact, they transmit force to unit 2 and thus, layers of unit 2 came in contact position. When the applied force was released, the layers of units were separated vice versa with making the contact sequence. First, the layers of unit 2 separated, second, the layers of unit 3 separated, and fi nally, the layers of unit 1 separated. Considering the fact that a MULTENG should be durable against high cyclic motions and each layer should perform perfect contact and separation, we designed a MULTENG with 175 mm in length, 50 mm in width, and 49 mm in thickness as shown in Figure 1 a. A detailed technical drawing of our device is given in Figure S6a -f, Supporting Information. Poly(lactic acid) (PLA) was used as 3D-printing material because it has low density, high fl exibility, and low melting temperature. As shown in Figure S6a ,d, Supporting Information, there are four 1 mm-thick PLA layers connected to each other with three half circular loops, which provide a good restoring mechanism and fl exibility. There are thicker rectangular (75 mm in length and 35 mm in width) rigid regions in the middle of these layers which facilitate making a better contact between layers during the triboelectric cycle. In addition to the main body, six PLA thick layers (80 mm in length and 40 mm in width) were printed ( Figure S6e , Supporting Information) as a holder for the Al electrodes, As 2 Se 3 core-shell nanostructures, and PEI nanopillars. 27 mm long and 500 µm thick tails were extended on PLA holders which render the Cu tape contacts as durable under high cyclic motions. In the assembling process, Cu tapes (10 mm in width, 50 µm in thickness) were attached on PLA holder surface along the width of holders and extended through 
fl exible tails, 50 µm thick double-sided Al conductive tapes (40 mm × 80 mm) were located on holders in contact with Cu tapes in all six holders. Three of the holders with Al electrodes were covered with PEI nanopillars (100 nm in diameter) ( Figure S7a , Supporting Information). F-As 2 Se 3 core-shell nanostructures (180 nm in diameter) were dispersed on the last three of the holders with Al electrodes ( Figure S7b , Supporting Information). Finally, PLA holders with nanostructures on top of them were attached to the main body. To our knowledge, this is the fi rst study showing that a chalcogenide material was used for constructing a triboelectric device.
In the fabrication process of nanopillar-decorated PEI fi lms, the melt-infi ltration method [ 30, 31 ] was used ( Figure S3 , Supporting Information). Here, dissolved PEI behaves as an infi ltration phase and the anodized aluminum oxide (AAO) membrane behaves as a template under the base of melt-infi ltration. The AAO template was coated with 1% (v/v) 1H,1H,2H,2H-perfl uorodecyl-trichlorosilane (FDTS) in n -heptane solution prior to use. [ 30 ] Fluorination prevents polymer adherence into the membrane pores. In this process, the AAO membrane, which was grown on the aluminum sheet, was directly used as supported on its aluminum substrate. The template has 5 cm × 10 cm dimensions with a 100 nm pore diameter and a 2 µm pore depth. PEI was dissolved in dichloromethane (DCM) at a concentration of 0.3% (w/v). PEI solution was drop cast on the AAO template and left for solvent evaporation. After the evaporation step, PEI fi lm was peeled off from the surface. Therefore, 4 cm × 8 cm PEI nanopillar fi lms were obtained for the fabrication of MULTENG.
F-As 2 Se 3 core-shell nanostructures were produced using iterative thermal size reduction technique based on fi ber drawing ( Figure S1 , Supporting Information). Initially, we produced a As 2 Se 3 tube that was 10 cm in length and 10 mm in diameter using the sealed ampule method ( Figure S8 , Supporting Information). In this method, elements were inserted in a quartz tube and vacuum sealed at elevated temperatures to remove all impurities and oxygen as well as the moisture. The mixture in the tube was melted in a rocking oven at 750 °C. After overnight rocking of the samples, the molten material was quenched in tap water for increasing the glass formation by overcooling the material. Before quenching, molten As 2 Se 3 was centrifuged for the formation of a 10 cm long hollow core structure with 10 mm outer diameter and 6 mm inner diameter. To absorb the impact during the tapping on the MULTENG, we fi lled inside of the tube with a PES rod which was mechanically extracted out from a PES preform. After three steps of iterative fi ber drawing, we obtained 100 nm-1 µm thick core-shell nanostructures. Detailed SEM images of the nanowires are shown in Figure S9 in the Supporting Information. Finally, nanostructures were coated with self-assembled fl uorine monolayer. The fl uorination process was repeated as performed in the template coating step. Then, the nanostructures were washed with n -heptane and dried at 100 °C in a vacuum oven.
The MULTENG can be operated using a single hand as shown in Video 3 in the Supporting Information. The performance of the MULTENG was characterized under different conditions. OCV and SCC of the device were recorded using various activation sources such as mechanical tapping, car vibration, and sound. The peak power, power density, and device effi ciency were calculated. In addition, the DC power was also calculated, which represents the constant power supply capacity of the MULTENG as a function of the triboelectric device performance and the triboelectric cycle frequency. The OCV and SCC of MULTENG were measured under constant force and tapping frequencies at 1, 2.5, 5, and 7.5 Hz using a custom-made tapping machine with a measurement setup as shown in Figure S10a -c, Supporting Information. The tapping machine consists of a 10 N m motor with a maximum speed of 1360 rpm. The base part of the device is stable and the height of the base is manually adjustable. The top part is movable and its frequency and applied load can be adjusted. The power of the motor was calculated using the following equation:
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where P w is the output power (W), T is the torque (N m), f is the frequency (Hz), and η is the effi ciency. As seen in Figure 2 a, the OCV increases with increasing frequency. Variations in the OCV with respect to frequency were basically because of that input power which triggers the MULTENG increase with increasing frequency in our system ( Figure S11 , Supporting Information). However, the same increasing trend with respect to increasing tapping frequency was not conserved for the SCC values in Figure 2 b. The maximum peak-to-peak OCV was measured as 396 V at 7.5 Hz and the maximum peak-to-peak SCC was measured as 1.62 mA at 2.5 Hz. As seen in Figure 1 a and Figure S6 in the Supporting Information, layers of the MULTENG are connected with half circular loops and each layer is long enough to preserve mechanical fl exibility. The design resembles a spring in appearance. Actually, the MULTENG base structure functions as a spring to separate layers after contact.
The following actions sequentially took place during the measurement: a force was applied from the top of the MULTENG as tapping while the MULTENG was fi xed from the bottom, layers were bent until they came in the full contact position, and the force was released and the layers regained the initial position. There was a certain time required for regaining the position. Maximum effi ciency was obtained when the tapping frequency was close to or same as the resonance of the MULTENG. In the case of a tapping frequency higher than the resonance frequency of the MULTENG, which means the time delay between two sequential tapping was less than the required time for regaining the initial position of layers, there was no full separation between layers. This causes decrease and fl uctuation at higher frequencies. The triboelectric effect is not well understood, but some parts of the effect are perfectly proven in recent studies. [ 23, 25 ] Basically, when two dielectrics with different triboelectric polarities are brought together, the negatively charged surface becomes more negative, the positively charged surface becomes more positive, and both negative and positive charges can be localized on the surface simultaneously and inhomogeneously. Discharging of these charges after separation of the surfaces is not in the same rate and homogeneity. This phenomenon was perfectly proven using state-of-the-art techniques including the Kelvin force microscopy surface charge scanning technique. [ 23, 25 ] The same phenomenon naturally occurs in our MULTENG layers and this causes fl uctuations. As 2 Se 3 layers were randomly dispersed on the Al tape electrode, which means the charging characteristics of different surface scopes can be much different due to inhomogeneous distribution of the nanostructures. Therefore, the layers gain an inhomogeneous charge distribution as a natural effect in each tapping. In addition, each tapping on the MULTENG may move positions of the As 2 Se 3 nanostructures. This can also slightly affect the charge distribution, especially in high-frequency experiments.
Besides, Al tape electrodes become sticky at higher tapping frequencies because some part of the mechanical motion was converted to heat, and thus Al tape electrodes were avoided for a proper separation of layers. Therefore, the highest instantaneous power and power density were obtained of the electrode and this infl uences the SCC more than the OCV value. Indeed, we obtained a higher conversion effi ciency at a lower frequency. The MULTENG design is more suitable to operate at lower frequencies. DC power is highly used in electronics because billions of low-power-requiring devices are charged using DC power, such as cell phones, music players, portable devices, etc. In power electronics, DC power is the constantly supplied power without any opposite sign polarity (fi xed polarity). The output of a MULTENG is similar to alternative current (AC) power with two polarities (negative and positive output) and at a certain frequency, which can be converted in to DC power using transformers, rectifi er bridges, and stabilizer capacitors. To calculate the DC power capacity of the MULTENG, we fi rst calculated the rectifi ed current and voltage as shown in Figure 2 d,e and we characterized the change in the DC power with respect to frequency. Figure 2 f represents the DC power that was obtained from the MULTENG as a function of tapping frequency. A maximum DC power of 1.23 mW can be supplied via our MULTENG, when a constant actuation was applied at a frequency of 7.5 Hz. Non-uniform appearance was observed in many output peaks. One of the reasons was that three units of the MULTENG do not touch and separate simultaneously and that causes overlap of multiple output peaks and thus a nonuniform appearance. Contact and separation sequence of the MULTENG units were observed in wider plots of the OCV outputs in Figure 2 g. The color-coded arrows correspond to measured peaks from the motion of different units of the MULTENG. Electrical characterization results, HFR video results, and simulation were perfectly matched. We show detailed OCV and SCC single-peak plots in Figure S12a -c, Supporting Information, which clearly show a contact and separation period. As shown in Figure 1 b, there are two terminals set by connecting the three electrodes for the As 2 Se 3 layer and the other three electrodes for the nanopillar layers. Therefore, generated charges from all the layers pass through the external circuit, which was also connected to all the electrodes in all the units of the MULTENG. This confi guration of electrodes affects the device performance in terms of output peak width and height. The DC power, which shows the practicability of the MULTENG in real applications, was increased because sequential contact and separation of multilayers increases the width of peaks. The heights of the peaks corresponding to different units of the MULTENG were not homogeneous. Apparently, the heights of the peaks were related to contact and separation sequences. The maximum peak was always observed from unit 1 in the contact and separation period. This is because induced charges on electrodes of unit 1 were distributed to the external circuit and the electrodes of units 2 and 3. That decreased the charge-induction performance of units 2 and 3, which came into contact before full discharge of unit 1. Obtaining high output peaks from all the units of the MULTENG with the same peak height could be possible by separately and instantaneously discharging all the units of the MULTENG. [ 32 ] However, the MULTENG has many confl icts with such a discharging geometry. Considering the motor power as an input energy, the highest energy-conversion effi ciency was obtained at a 1 Hz tapping frequency with 5.3%, and the effi ciency was decreased with increasing tapping frequencies (Figure 2 Longer-time-scale SCC plots are given in Figure S13a in the Supporting Information, to show the stability of our device. The MULTENG was connected to a custom-built energy-harvesting circuit to facilitate it as a DC power source and a higher intensity was observed from the same LEDs (Figure 2 j) using the energy-harvesting circuit. Instantaneously powered LEDs were observed with lower intensities when compared to the intensities of LEDs powered via the energy-harvesting circuit. As long as the energy-harvesting circuit supplies a DC power to LEDs, it was expected that the LEDs light constantly without any blinking. The energy-harvesting circuit is shown in Figure 2 k.
The mechanism of the charge generation in the MULTENG can be explained as follows: once the surfaces of two layers come into contact, surface charge accumulation occurs. This leads to current fl ow between the two electrodes to compensate for the extra charges injected into them. At the full contact position, the negative charges on the surface of F-As 2 Se 3 core-shell nanostructures were fully compensated by the positive counterparts on the surface of PEI nanopillars. Here, the surface roughness on the two surfaces plays a major role in maximizing the triboelectric charge generation. Once the separation of the two surfaces takes place, charge redistribution occurs as a result of charge imbalance inside the layers, this leads to electric current fl ow between the two terminals of the device opposite in polarity. To develop a theoretical model and describe the electrical characteristics of the device, we assume that the tribocharges were homogeneously distributed on the two surfaces with negligible decay. This assumption is based on the fact that the very short time of contact/separation period during the operation of the device is smaller than typical charge decay time for dielectrics. Detailed information about theoretical model is given in the Supporting Information (see Figure S14) . Therefore, the induced potential difference ( V ) generated between two layers is:
We developed a fi nite element simulation model to visualize the change in the induced potential difference in the MULTENG structure ( Figure 3 a-h ). In the simulation, each layer of PEI and F-As 2 Se 3 was defi ned as thin fi lms and surface potential values were chosen according to their position in the triboelectric series. Initially, the outer layers were in contact with each other and they neutralized each other (Figure 3 b-e) . The middle layers came in contact when the layers were pushed further ( Figure 3 f-h ), as is illustrated in Figure 1 b. Finally, all the layers were neutralized as they came in the full contact position. Releasing the layers started the same cycle. The potential difference for a two-layer TENG can be calculated using the following equation:
where E FAS , E PEI , and E air are the electric fi eld induced in F-As 2 Se 3 , PEI, and air, respectively. d FAS , d PEI , and d air are the thicknesses of the respective layers. Recently developed theoretical models assume that the amount of charge ( Q ) with opposite signs on the electrodes and the generated potential with COMMUNICATION relative displacement ( z ( t )) of the surfaces are related. [ 33 ] Considering our device design, the potential difference will only evolve in the direction perpendicular to the surfaces as follows:
where ε FAS and ε PEI are the relative permittivity of F-As 2 Se 3 and PEI, respectively, ε 0 is the electrical permittivity of vacuum, A is the surface area of the device, and σ is the charge density. We should note that charge transfer is considered zero ( Q = 0) in the case of open-circuit voltage. The time derivative of the transferred charge gives the short-circuit current when the voltage is considered zero ( V = 0). We modeled the open-circuit-voltage peak of two-layer generator fabricated using F-As 2 Se 3 nanostructures and PEI nanopillars and compared our model with experimental results. The model and the experiment perfectly matched, as seen in Figure 3 i. The list of variables used in the model is given in Table S2 ( Figure 4 a) . Because the Al block pushes on top of the device, the initial position of the MULTENG was set as full contact with no response and reaction, as shown in the fourth stage of the triboelectric cycle in Figure 1 b. As the car moved forward at various speeds, the Al block on the top tilted the layers of the MULTENG backward and forward which caused partially separation and contact of layers. Therefore, small jumps cause quick and weak separations between the layers while the car moves in a routine way. So, the input mechanical energy here can be low and the output signal can be very complex because the response of the MULTENG to car vibration depends on many parameters, such as the roughness of the road, the car model, the skills of driver, and the geometry of the MULTENG. The highest instantaneous power and power density were obtained at a 40 km h −1 speed as 127 µW and 13.23 mW m −2 , respectively, as seen in Figure 4 b. The instantaneous power and power density were increased with increasing car speed. The OCV and SCC values were measured as the car passed over speed bumps (maximum 13 cm in height and 150 cm in width) at 15, 30, and 40 km h −1 speeds. The driver of the car slightly pushed the breaks just before passing through the speed bumps. This action caused the MULTENG to tilt backward and separate its layers. As the car moved further on the speed bumps, the vibration and separation also increased due to the greater inclination. The MULTENG was tilted forward while the car leaped over the top of the speed bump to access the fl at asphalt. OCV and SCC graphs with respect to car speed while passing over a speed bump are shown in Figure 4 c-h. The maximum peak-to-peak OCV was measured as 61.96 V at 40 km h −1 speed as shown in Figure 4 g. The maximum peakto-peak SCC was measured as 2.05 µA at 40 km h −1 speed, as shown in Figure 4 car vibration was complicated because of the multiple contact and separation sequences, we pointed single, double, and triple contacts and separations in different units of the MULTENG during the measurements. Our observations about the motion of the MULTENG in car measurements are shown in Figure S15 and S16, Supporting Information. We observed two types of motions (linear and angular) in the MULTENG units. Linear motions caused a strong response in the OCV and SCC and angular motions caused weak responses.
Reaction of the MULTENG to sound at different frequencies was also measured. Before the tests, a constant initial stress was applied to the MULTENG from the sides for closing the gaps between the layers to around 1 mm, as seen in Figure 5 a. The squeezed MULTENG was located 10 cm above from the sound source which has an acoustic power ( P ac ) of 1.9 W corresponding to a 100 dB sound power level ( L W ). The acoustic power and sound power level were calculated using the following equations:
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where I is the sound intensity, S is the area of the source, and P 0 is the reference sound power in air as the threshold of hearing (10 −12 W). The acoustic power and sound power level are the characteristics of the sound source. In order to understand the effect of sound pressure on the MULTENG, Figure S15 and S16 in the Supporting Information. www.advmat.de www.MaterialsViews.com we calculated sound pressure level ( L p ) and sound pressure ( p ) which is related to distance between source and the MULTENG ( r ) and sound propagation characteristics ( q ) using the following equations: Peaks with an increasing fashion were obtained with decreasing sound frequency at each 1 s frame. A signifi cant increase in the voltage signal was observed when the sound frequency was reduced to 50 Hz, which proves that our MULTENG design is more suitable to operating at lower frequencies. Indeed, the OCV value reached the maximum peak-to-peak 107.3 V at 10 Hz (Figure 5 c) . Validating these fi ndings, there was no signifi cant SCC signal that occurred beyond 10 Hz sound frequency. The maximum peak-to-peak SCC value was measured as 0.49 µA at 10 Hz ( Figure 5 d) . Rectifi ed OCV and SCC peaks are given in Figure 5 e,f. Besides, single-peak OCV and SCC are given in Figure 5 e,f insets for a better view of peaks.
In conclusion, we have developed a multilayered triboelectric generator based on As 2 Se 3 core-shell nanostructures and PEI nanopillars, which were produced by iterative size reduction and melt infi ltration techniques, respectively. Triboelectric response of a new materials set was characterized and we deduced that increasing the fl uorine content in the materials increases the triboelectric response. The MULTENG was www.advmat.de www.MaterialsViews.com activated using mechanical tapping, car vibration, and sound with different frequencies and forces. The mechanical tapping force was the most powerful input among these three conditions and we obtained the highest signals in the mechanical tapping condition, since it made a stronger contact between layers. The results are summarized in Table S3 in the Supporting Information. The maximum peak-to-peak OCV and SCC were obtained as 396 V at 7.5 Hz and 1.62 mA at 2.5 Hz. The energy conversion effi ciency of the device was calculated as 5.3% at 1 Hz tapping frequency and it was decreased with increasing tapping frequency. The MULTENG can supply 1.23 mW constant DC power and directly illuminate 38 LEDs as well as charge a capacitor via an energy-harvesting circuit. The voltage and current signals were recorded in a car during transportation on campus road and leaping through speed bumps at various speeds. The signal intensities and output power density (13.23 mW m −2 at 40 km h −1 speed) were increased with increasing car speed. Measurements at sound frequencies between 10 and 100 Hz revealed that our device has a better response at 10 Hz with peak-to-peak 107.3 V OCV and peak-topeak 0.49 µA SCC. The output power density (max. 5.47 mW m −2 ) of the MULTENG decreased with increasing sound frequency. The new material and processes proposed in this study such as the fl uorine-based coating, which enhance the triboelectric properties of materials, will instigate new theoretical studies to explain the underlying mechanism of the triboelectric effect. Demonstration of the MULTENG was aimed for charging portable electronic devices such as cell phones and music players with an energy-harvesting circuit.
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